Chromous ion reacts with ferricytochrome c to yield a one-to-one Cr(III)-ferrocytochrome c complex. This material, when hydrolyzed by trypsin and subjected to chromatographic procedures, yielded two fragments containing chromium. The amino-acid compositions and chemical characteristics of each of these fragments indicated that the chromium had crosslinked two segments of polypeptide chain; these were residues 40-53-Cr(III)-residues 61-72 and residues 40-53-Cr(III)-residues 61-73. Examination of a model of the ferricytochrome c molecule indicated that only two residues of the crosslinked peptides were sufficiently close to allow crosslinking to take place. These residues were tyrosine 67 and asparagine 52. Enzymatic hydrolysis of one of those fragments by aminopeptidase M supported this identification. The position of the chromic ion implies what is the path of electron transfer from the chromous ion to the ferric ion in this chemical reduction of cytochrome c, and suggests a possible path of electron transfer in biological oxidation-reduction reactions.
The various components of the mitochondrial electron transport system have been characterized, their order of reactivity has been ascertained, and some of their molecular properties have been defined (1) (2) (3) . The general outlines of the electron transport chain are understood, but the detailed mechanism by which electron transfer (or atom transfer) takes place between the various components of the respiratory chain is not well understood. We report the results of studies of systems that will lead to some insight into the details of electron transfer in cytochrome c.
Cytochrome c is a well-understood component of the electron transport chain (4) . The structures of both the oxidized and reduced cytochrome c have been determined (5, 6) . Kowalsky studied the reduction of ferricytochrome c with chromous ions and demonstrated that the inert Cr(III) product was tightly bound to the cytochrome c moiety (7); several groups have studied the kinetics of this reaction (8, 9) . The chemistry of the chromic ion is characterized by its substitutional inertness (10) ; thus, the product of this reaction which has Cr(III) bound to cytochrome c should be relatively stable and amenable to chemical studies of its structure. This paper reports the location of the chromic ion in the chromiccytochrome c complex, and considers the implications regarding the mechanism of electron transfer in cytochrome c.
MATERIALS AND METHODS
Materials. Horse-heart cytochrome c (type III) was obtained from Sigma Chemical and was used without further purification. Trypsin treated with L-(tosylamido-2-phenyl) 1408 ethyl chloromethyl ketone was obtained from Worthington Biochemical Co. Aminopeptidase M was from Henley and Co. of New York. Sephadex G-50 superfine and G-25 superfine were from Pharmacia. Dowex 50-X2 resin (AG50W-X2) and Dowex-1-chloride (AG1-X8) were supplied by Bio-Rad, Richmond, Calif. ICN, Irvine, Calif., was the source of the 51Cr(III) used to generate 51Cr(II). The 51Cr(III) was obtained in a solution of 0.5 N HCl, and was diluted with H20 1000-fold before use. All other chemicals were of the highest quality available. Nitrogen gas from Matheson was passed through scrubbing towers of chromous solution before use in reaction vessels.
Preparation of Cr(III)-Cytochrome c. Chromous solutions for' reduction of the protein were prepared by reducing a deoxygenated solution of about 10 mM Cr(CI04)3 in 0.1 mM HC104 with Zn(Hg), under an atmosphere of nitrogen. Whenever radioactive labeling was desired, up to 250 uCi of 51Cr(III) in solution was added before generation of Cr(II).
The procedure for labeling the cytochrome c with chromic ion follows that of Kowalsky (7) in essence, but differs in details. To a solution of cytochrome c (20-40 mg/ml of H20, 50-200 mg total) was added 20 mole % K3Fe(CN)6 to ensure that all the protein was in the oxidized, or ferric, form. This solution was passed through a column of Dowex-1-chloride (1 X 10 cm) (7) , and the visible spectrum checked for the presence of only the ferric form. The pH of the solution was adjusted to 4.5, and the volume adjusted to 25 ml. An aliquot was then analyzed for protein concentration, using the magnitude of the absorbance at 528 nm [e = 11200 (11) Hydrolysis by Trypsin. Labeled protein was hydrolyzed by trypsin at room temperature (220) immediately after denaturation of the cytochrome c with trichloroacetic acid (5%). After the protein had been suspended in water at a concentration of 2-4 mg/ml, the pH was adjusted to 8.0, and 2% by weight of trypsin was added. The pH was maintained at 8.0 by addition of 0.05 N NaOH. When the rate of consumption of base neared zero, another 2% by weight of trypsin was added, and the hydrolysis was continued until no more base was consumed (3-4 hr total). Glacial acetic acid was added to lower the pH to below 3, and the sample was evaporated to dryness.
Column Chromatography. Columns of both Sephadex G-50 superfine (2.5 X 140 cm) and G-25 superfine (2.5 X 140 cm) were used in separation of the tryptic peptides. The eluant was 0.1 M acetic acid, and ambient temperatures were either 220 or 4°. Polypeptide fractions were located by the ninhydrin method after alkaline hydrolysis (13) . Other methods used in sequencing are given elsewhere (14, 14a 
RESULTS
Cr(lIl)-Cytochrome c. Ferricytochrome c, when reduced by chromous ion, consistently gave products with Cr: protein ratios of 0.8-1.0. Kowalsky (7) has reported that he was unable to achieve 1:1 adducts of Cr(III) to cytochrome c without the introduction of phosphate ions into the solution. In our experiments the presence of additional anions was not necessary. We attribute this to our rigorous attempts to exclude oxygen from our reaction mixture which could oxidize Cr(II) before reaction with cytochrome c and to proper control of the pH. We have taken samples of the Cr(III)-ferricytochrome c without loss of chromium. Thus, many cycles of oxidationreduction can be carried out on the chromium-labeled protein without loss of the chromium.
Chromium (14) was made. The chromium came through the column at the void volume, unassociated with any polypeptides, and a normal pattern of peptides followed (15) . We concluded that the Cr-protein bond is decomposed by the pyridine-acetate buffers used to establish the gradient. From this experiment a pure peptide composed of residues 61-72 (see Fig. 2 ) was isolated and used in a study described below: Glu In the second attempt at fractionation, the tryptic peptides were passed through a column of Sephadex G-50 superfine (2.5 X 140 cm) at 220. The peptide-containing fractions eluted from the column were identified by reaction with ninhydrin after alkaline hydrolysis, and the fractions containing the radioactive 5mCr coincided with peptide-containing regions (Fig. la) . Electrophoresis of the pooled, radioactive fractions at pH 1.9 yielded four peptides, the least mobile of which contained the radioactive label. Amino-acid analysis (Table 1) showed that this material, designated Fragment I, was composed of an equimolar mixture of residues 40-53 and 61-72 (see Fig. 2 ).
In the final fractionation experiment the tryptic peptides were separated on a column of Sephadex G-25 superfine (2.5 X 140 cm) at 4°. The elution pattern showed multiple radioactive peaks, probably due to incomplete hydrolysis (Fig. lb) . This material was pooled into three radioactive fractions and subjected to preparative paper electrophoresis at pH 1.9. The only radioactively labeled peptide isolated was from the major radioactive fraction. This material had the amino-acid composition of residues 40-53 and 61-73 (see Fragment TH, and oxidized it with ferricyanide and re-reduced the complex Proc. Nat. Acad. Sci. USA 71 (1974) material described above (residues 40-53 and 61-72) with an additional lysyl residue. On the basis of the specificity of trypsin and the known amino-acid sequence of cytochrome c, this residue must be at position 73 (Fig. 2) . Activation analysis for Cr in Fragment II indicated a Cr: crosslinked peptide ratio of 1.3.
Evidence for Crosslinking of these peptides rather than an equimolar mixture of them comes from several experiments.
(1) Electrophoresis of Fragment I at both pH 1.9 and 4.7 resulted in a chromatogram containing only one spot. At pH 1.9 it ran with'aspartic acid, while at pH 4.7 it ran slightly farther toward the anode than glutamic acidj. A pure sample of the unlabeled peptide composed of residues 61-72 ran at the same position as the labeled peptide at pH 1.9, but ran behind glutamic acid at pH 4.7. Thus, Fragment I could not be composed of equimolar quantities of residues 40-53 and 61-72.
(2) In our earlier experiments any Cr-peptide products from tryptic hydrolysis were decomposed to Cr plus peptides in a pyridine-acetate buffer. Fragment I was incubated in 2 M pyridine-acetate buffer for 18 hr at 400. Electrophoresis of this material at pH 4.7 showed multiple components. One of these components migrated to about the same position as peptide 61-72 and had the same amino-acid composition when examined by electrophoresis at pH 1.9 after acid hydrolysis. A second component, which stayed near the origin, had the composition of residues 40-53 when examined by electrophoresis at pH 1.9. Identification of the Bonded Amino-Acid Residues. Having discovered the region of the amino-acid sequence to which the chromium atom was bound, we wished to find out exactly which amino-acid residues were involved in the crosslink. Inspection of a model of the oxidized form of cytochrome c [built from coordinates supplied by Dickerson (17) ] shows that in the absence of any gross conformational changes in the protein there are a limited number of possibilities for the amino-acid residues involved in a crosslink. The closest distance of approach between the two chains occurs between tyrosine 67 and asparagine 52, both of which are suitable Acetyl-Gly-Asp-Val-Glu-Lys-Gly-Lys-L~ys-Ileu-Phe-Val-GluN H2-Lys-Cys-Ala-GluNH2Cys-His-Thr-Val-Glu-Lys-Gly-Gly-Lys- Gly-Thr-Lys-Met-Ileu-Phe-Ala-Gly-Ileu-Lys-Lys-Lys-Thr-Glu-A~rg-Glu-Asp-Leu-Ileu-Ala-Tyr-Leu-Lys-Lys-Ala-Thr-AspNH2- ligands for binding chromium. The distance between these two residues is about 4.9 A, and the path between them is unobstructed by other amino-acid residues. The dimensions of this cavity are certainly adequate for the inclusion of chromium, and the distance between the two residues is admirably suited for a ligand-Cr-ligand interaction. Only one other crosslink appears possible, i.e., tyrosine 67-Cr-tyrosine 48, although this would necessitate a certain degree of strain and rearrangement to accommodate the bond. All other amino-acid sidechain ligand combinations (Table 2) are too far from each other to act as ligands in a crosslink to chromic ion without large structural changes in the protein.
Hydrolysis by Aminopeptidase M. An aliquot of Fragment I was hydrolyzed with aminopeptidase M. Under normal circumstances this exopeptidase could be expected to digest both peptides 40-53 and 61-72 completely, except for the alanine 43-proline 44 bond, which is resistant to cleavage by this enzyme (30) . The results of amino-acid analysis are: Thr + Asn, 3.4; Gly, 1.4; Glu, 1.7; Ala, 0.99; Pro, 0.19; Phe, 0.87; Tyr, 1.3; Asp, 1.1; Lys, 1.1; Leu, 0.96. These results can be interpreted as follows. Residues 61-64 are present, and residues 40-53 with two exceptions: alanine 43-proline 44 (enzymic exclusion), and one threonine or asparagine. Since the analysis was done in sodium citrate buffers at 550 (18), asparagine was not separable from threonine. There are a total of three threonines and one asparagine in residues 40-53, and one threonine in 61-64, giving a total of five residues.
The amino-acid analysis shows a maximum of four residues at the threonine-asparagine position. Thus, the results of aminopeptidase M hydrolysis of the crosslinked peptide agrees with the concept of a crosslink by Cr(III) of asparagine 52 and tyrosine 67. The fact that amino-peptidase M released the Cr(III)-bound asparagine 52 but stopped at the residue preceding Cr(III)-bound tyrosine 67 is not understood.
In our initial separation experiment, the Cr(III) crosslinked amino-acid bonds were found to be unstable under conditions where peptide bonds are stable, e.g., in pyridine-acetate buffers. Furthermore, the instability of this material was suggested by the relatively low yields of the labeled fragments finally isolated (Table 1) . Thus, approaches to identification of the crosslinked residues by techniques such as the Edman degradation did not seem promising, and further chemical characterization of the crosslinked material was not attempted. DISCUSSION Chromous ion reduces ferricytochrome c with the resultant formation of a one-to-one complex of chromic ion and ferro-\ t _j --7 Reduction of Ferricytochrome c (12) indicates that chromium crosslinks tyrosine 67 and asparagine 52. Although we indicate the chromium is crosslinked in the same position in the isolated peptide fragment, in the chromium-ferrocytochrome c complex, and, most important to our argument concerning electron-transfer, in the chromous-ferricytochrome c complex, we cannot definitely prove that the chromous reduction takes place without any movement of the chromium ion after reduction. Our interpretation of the results is based on the known chemistry of the chromic ion plus our control experiments; we feel our interpretation is most reasonable. An examination of the three-dimensional structure of ferricytochrome c clearly shows that the chromic ion assumes a position in a pocket in the interior of the globular protein. Fig. 3 shows a three-dimensional view of the two polypeptide chains crosslinked by chromium plus the heme moiety. It was drawn assuming that no change of the protein conformation took place upon chromic complexation. Because of the crosslinked nature of the chromium bonds there is little room for movement of the chromium without considerable distortion of the entire protein structure. Since chromic ion is usually coordinated by six ligands, the coordination sphere must be completed by four water molecules in addition to the tyrosine oxygen and asparagine nitrogen.
Both residues tyrosine 67 and asparagine 52 are invariant in the sequences of all cytochromes c determined (20) , except that of Euglena gracilis (20, 21) in which tyrosine 67 is replaced by a phenylalanine. Furthermore, in equine cytochrome c, tyrosine 67 and tyrosine 74 are selectively iodinated by K13 (22) , while tyrosine 67 and tyrosine 48 are selectively nitrated by tetranitromethane (23, 24) . Both of these modifications result in loss of activity by the protein, and prove the accessibility of the tyrosine 67 in native cytochrome c to fairly large molecules.
We propose a mechanism for electron transfer in the reduction of cytochrome c by chromous ion which is suggested by the position of tyrosine 67 in the tertiary structure of the protein. The phenyl ring of the tyrosine is nearly parallel to the plane of the heme in the oxidized form of cytochrome c (Fig. 3) , and about 4-A distant. The chromous ion would first coordinate to the tyrosine oxygen, then transfer an electron to the heme via the overlapping r clouds of the tyrosine and porphyrin, and then through the conjugated system of the porphyrin to the iron.
This model study shows the possibility of certain pathways for the reduction of cytochrome c that have been speculative. For example, on the basis of model studies, Winfield (27, 28) proposed a mechanism that would involve the participation of a phenylalanine or tyrosine. Since these residues can be induced to form free radicals-and, consequently carry an electron-one of these residues in proximity to the heme could act as an intermediary between the oxidizing agent and the metal ion. An exact mechanism for this interaction (i.e., transfer of the electron through overlapping ir clouds) was not proposed.
Dickerson and his coworkers (25, 26) have recognized the possible significance of tyrosine 67 in the electron transfer reaction on the basis of its position in the tertiary structure of the protein. They have speculated that in the in vivo reduction of cytochrome c, the electron may be transferred from other residues to tyrosine 67.
In conclusion, this study indicates the participation of tyrosine 67 in the reduction of ferricytochrome c by chromous ion and suggests the participation of this residue as part of the reduction mechanism in vivo.
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